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ABSTRACT

Thin targets of low atomic number were assumed to be bombarded
with 25-Mev electrons, 600-kv X rays and prompt fission gamma radiation,
The resulting high-energy secondary electrons were calculated theoretically
on a high-speed digital computer with respect to their intensity, energy
losses, energy spectra and angle of emission spectra. The results show
that 25-Mev electrons, 600-kv X rays and prompt fission gamma radiation
produce a maximum efficiency of high-energy secondary-electron emission
of 8,0, 0.05, and 0.3 percent, respectively, Experimental results from
25-Mev electron irradiations agree very closely with these theoretical

numbers. An experiment is planned for the 600-kv X-ray radiation source.
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Definiti
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Frequency of the scattered photon.

cm/ sec).

Angle between the direction of the incident photon and
the direction of the scattered photon,

Angle between the direction of the incident photon and
the direction of the Compton electron,

Momentum of the Compton electron.
Kinetic energy of the Compton electron,

-28

Rest mass of an electron {9.11 x 10 gm).

Rest mass energy of an electron {0.51098 Mev).

The incident photon energy over the rest mass energy
of the electron (hvo/mocz).
Average collision cross section for a Compton inter-

action in cm®/e.

13

Classical radius of an electron (2.818 x 10~ cm),

Average scattered cross section for a Compton inter-
action in cm®/e,

Average absorption cross section for a Compton inter-
action in cm¢/e,

Average energy of the recoil Compton electron,

Average angle the recoil electron scatters with respect
to the direction of incident photon,

Avogadro's number (6, 025 x 10%3 atom ),
mole

Atomic weight (gm/mole),
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1. INTRODUCTION.

a, Qbjectives

(1) To aid in the simulation of the prompt fission gamma radiation
field associated with a nuclear detonation by comparing the efficiencies of
secondary-electron emission, energy spectra, angle-of-emission spectra,
and energy losses for various laboratory radiation sources. Interest will
be concentrated on 25-Mev electrons from a linear accelerator and a

600-kv pulsed X-ray source.

{2) To establish computer programs which can be used in
transient radiation effects {TREE) studies to simulate any desired radiation

energy source,

b. Background

The basic parameters for work in transient radiation effects have
not been determined satisfactorily, This study was necessary because in
weapon effects work instrumentation may be exposed to radiation fields
as high as 1012 r/sec. This extreme flux will cause electronic components
to fail ; therefore, the components must be tested beforehand in the laboratory
to establish and possibly eliminate the effects expected in the nuclear en-
vironment. This work will permit the laboratory work to be done much more

accurately,

RADRIATION.

a. General remarks

In this section a theoretical calculation is made of the energy

spectra, the angle-of-emission spectra, the energy losses, and the efficien-

cies for secondary electrons emitted because of prompt fission gamma

radiation. The calculation was done for low-Z materials with thicknesses
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in the range from 0,01 to 10 gm/cmz. The Maienschein (1958) prompt

fission gamma ray spectrum for U235

fissions was used during the time
interval less than 5 x 10'8 second, The Klein-Nishina cross sections were

used to evaluate the above parameters,

There are three ways in which a photon can interact with matter to
lose its energy: interaction with an atom as a whole, interaction with a

free electron, and interaction with the Coulomb field of the nucleus.

The interaction of a photon with an atom as a whole leads to the
photoelectric effect. The importance of this effect in the field of high
energies and low-Z materials is negligible, so that it need not be considered
in detail. The interaction of a photon with a free electron leads to the Compton
effect, In this phenomenon the photon transfers part of its energy and mo-
mentum to the electron initially at rest. The interaction of a photon with the
Coulomb field of the nucleus leads to the phenomenon of pair production, '
whereby the photon disappears and a positive and a negative electron
simultaneously come into existence. For this phenomenon to occur, the
energy of the photon must exceed the rest energy of two electrons. "The
excess energy appears almost completely as kinetic energy of the two
electrons, while the recoil of the nucleus accounts for the momentum balance,
Pair production predominates in the high-Z, high-energy region, whereas
the Compton effect predominates in the low-Z, intermediate-energy group
{figure 2. 1) which is the region of interest in this report,.

Both the Compton effect and pair production are typical quantum
phenomena without a classical counterpart, Their description requires the

use of quantum electrodynamics along with quantum mechanics.
b, Theory,
(1) Conservation laws for the Compton effect

As was stated above, the area of interest in this report is
the area in figure 2.1 labeled the Compton effect.

In figure 2,2, the incident photon is represented by an energy
hv o' The scattered photon is emitted at an agle ¢ with an energy hv, and
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the electron recoils at an angle ¢ with a momentum p and a kinetic
energy T. The relations for the conservation of momentum for this
collision can now be written, remembering that the momentum of a photon
is hcl . Conservation of momentum in the direction of hvo is expressed
by

hv hv
© - cosg + pcos b (2.1)

while conservation of momentum normal to this direction gives
Ozhcl sin ¢ - p sin * (2.2)

A third relation between these variables is obtained from the conservation

of energy,

hv = hv + T, (2.3)
o .

Using the relativistic relationship

pc:-\/T(T+2m°cZ) (2. 4)

and some algebra, one can eliminate any two parameters from these three
equations, It should be noted that these equations represent only the funda-
mental conservation laws as applied to a two-body collision, They must,
therefore, be obeyed regardless of the details of the interactions at the scene

of the collision,

To describe the angular distribution of the Compton electrons

bk
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and to take into account the true distance they travel through the sample, it
is necessary to derive by the proper combination of the four preceding
equations the following equation for the energy of the Compton electron in

terms of its scattering angle:

2
T = hy 2a cos 0

2 2

2 (2.5)
{1+ a)® - a“ cos“ 0

where a = hvo/moc2 . The details of this derivation can be found in the

appendix of Semat (1958).
(2) Klein-Nishina cross sections

Because classical methods cannot cope with the general collision
involving high-energy photons, Klein-Nishina successfully applied Dirac's
relativistic theory of the electron to this problem and obtained a general
solution which is in remarkable agreement with experiments.

The summation of the probabilities of all possible collisions
between the incident photon and each free electron is generally the total
collision cross section. Because it represents the integrated probability
per electron that some scattering event will occur, it is physically clearer
to speak of this integral as the average collision cross section o , The
average collision cross section is the same for polarized or unpolarized
incident radiation, By integrating the differential cross section over all
permissible angles, one finds the following result:

o = Zxrz {L—Lﬂ [ZJLL_QJ Lin(l + Zu)]
o

2 1+ 2a a
a
v e 200 - 1+ 3“2 cm?/e (2.6)
¢ {1+ 2a)

where ro is the classical electron radius,

4
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Experimental interest often centers on the average properties

of the scattered radiation; thus, the average scattered cross section oo is

2
o =’[rz[J3ln(1+Zu)+.J.H_LLLZ X g a -%u-“
L] o a

a“ (1 + 2a)

2
e —Ba | cm?/e, (2.7)
3(1+ 2q)3

The total cross section or average collision cross section is

given by

gz 6 + ¢ (2.3)

where a is the average absorption cross section, Thus,

6 = 0 -0, (2.9)
or
2 2
- 2 |21+ a) 1]+ 3a {1+ a)(2a®~2a -1)
6 =2 nnr £ - 23, .
. ° [uz(l+ 2a) (1 +2a)% at(1+ 2a)%

__1.9_2__<1_+_o 1, _x_> In(1+ Zailcmz/.

3(1 ¢+ Za)3 03 2a 203

(2.10)

From the conservation of energy, equation (2.3), each
scattered photon hv has associated with it a recoil electron whose energy
is

T-= hvo-hv. (2.11)

.
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Therefore, the average kinetic energy TAV of all recoil electrons from
Compton interactions will be

TAV= hvo-thv. (2.12)
Hence

Tav_o1-Mav. 1-%. % (2.13)

Evo Evo d o] .

(Evans, 1955, p. 688).

An electron born with an average energy TAV , Scattered at -
an average angle eAV , and at a given distance Rn in the sample with
respect to the escaping interface, has a true distance of Rn/cos eAV to
traverse before escaping from the sample, Therefore, to account for the
angular distribution it is necessary to derive an expression for the cos 0 ,, .
By solving equation (2.5) explicitly for cos © and taking an average value
for 6 and T, one gets

(2,14)

All the pertinent parameters needed to describe the interaction
between an incident photon and an atomic electron have now been derived,
Now, the theory necessary for calculating the number of secondary electrons
produced per incident particle will be developed.

(3) Secondary electron production

N
In a thin absorbing sample, having -Kl atoms/gm, each N 2
with Z electrons/atom, and of a thickness AR in gm/cmz. there are -t—
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N Z AR
2
d :
electrons/gm an —‘T_ electrons/cm”~, Let a collimated beam of n,
particles, each with energy Eo. pass normally through the sample (figure
(2,3)),

The number dn = n -n is the number of primary particles
giving up some of its energy to produce secondary electrons. Therefore,

the number of secondary electrons per incident particle produced in AR is

N2z .
--gn-=—g- 4R o, (2.16)

- gn will be redefined to equal S: therefore, equation (2,16) becomes
o

S (E) = N‘Z 4R ¢ (E) ( 7
= = 2.1

with its energy functional dependence included. The constant in equation
(2.17) can be evaluated by assuming A = 2Z (low Z Zmnteriall) and its
: 24
. 1 0.30125 €M . T .
value is 0, 30125 x 10" electrons/gm or g_m—_{_mrm herefore
equation (2.17) becomes

S(E) = 0.30125 AR o(E) (2.18)

where S(E) is in secondary electrons per incident particle, 4R isin
gm/cmz. and o(E) is in barns/electron. This is a general derivation
since the incident particle can be a gamma ray, an electron, or an X ray

if the appropriate cross sections are taken into account,

Now that the number of secondaries produced per incident
particle in a differential element 4R have been determined, it is
appropriate to evaluate the number of those produced which escape and
the number which are deposited.

o bt

*4

L2
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(4) Probability of escape and deposition

Since the range of any one of a group of initially monoenergetic
particles can be regarded as the sum of a very large number of statistically
independent displacements corresponding to a succession of small energy
losses, it should be expected that the probability distribution of the ranges
about the average value, R, is given by the Gaussian function. The width
of the Gaussian curve will be proportional to the mean squared fluctuation
(R-R)ZAV . Thus the probability of finding a particle with range between R
and R+dR is (Segre, 1953, p. 245)

P (R) dR = ~—exp |- > | R (2.19)
aﬁ a
where
2 ® =2 o 2
(R-R)Av = /_m Pe(R) (R-R)*dR = & a“, (2.20)

Experimentally, it is not very convenient to make direct
measurement of the number of particles whose ranges end in the interval
from R to R+dR. Instead, the number of particles which reach a certain
distance R from the source, that is, particles whose range is greater
than R, are usually measured.

Equation (2. 19) can be integrated from R to infinity to give
P(R) = % (1 - ert B=R) (2.21)

where P.(R) is the probability of escape or the intensity of the electrons as
a function of distance (the ordinate of the number-distance curve in figure
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2
X -
2.4), erfx i/é-[ e”! dt is the error function or the probability integral,
1
o

and a is the range-straggling parameter (the half-width of the Gaussian
distribution at 1/e of the maximum), The quantity a is also equal to,/2
times the standard deviation, o . The slope of the curve in figure 2. 4 is
equal to 1/a /. Therefore, the relationship between the practical RP and

average ranges R is

5 =1 . (2.22)

Solving explicitly for the range straggling parameter a , one finds the
following relationship

e =2~ (R -R). (2.23)

JT |4

To evaluate the probability of escape or the probability of
being deposited Pd(E) which is by definition [I - Pe(R)] , it is only

needed to determine the practical and average ranges,
{5) Range of electrons,

Empirical relationships between the practical range R_ and
the erergy E have been proposed by many workers. An excellent review
of all electron range-energy work up to 1951 has been given by Katz and
Penfold (1952). Based on a compilation of all available data, these authors
propose the following empirical relationships, where E is in Mev and RP

is in gm/cmz. For energies from 0,01 to ~3 Mev

R - 0.412 E"
P

.

n= 1,265 -0,0954 In E (2.24)
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and for energies from ~1 to ~20 Mev

Rp = 0,530 E - 0.106. (2, 25)

The agreement between the above empirical analytical forms and experi-
mental range-energy curves is excellent. This fact can be observed in

figure 2.5.

By comparing the average range R and the practical range
Rp of the experimental absorption curves given in figure 2, 6, the relation-

ship relating then, averaged, gives

R = 0.662 Rp. (2. 26)

The three preceding equations will be used for determining the average

range of an electron as a function of energy.

Now, it is possible to evaluate equation (2,23} in terms of

the average range R. The result is
a= 0.5762 R. (2.27)

(6) Number and energy losses.

The total number of secondary electrons born per incident
particle in. 4R is S(E) given by equation (2.18), The probability of these
electrons escaping from uR is PE(E). Therefore, the fraction of secon-

daries which escapes per incident particle Se(E) is

Se(E) = S(E) Pe(R) (2,28)
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or

Se(E) = 0,30125 4R o (E) Pe(R) (2.29)

By the same argument, the number of secondaries deposited

per incident particle S,(E) is
S4(E) = S(E) Py(R). (2. 30)

Since,

P,E) = 1 - P(R) (2.31)

Equation (2. 30) can be written in the form

Sd(E)

S(E) [1 - pe(m] (2.32)

or

S4(E) = 0.30125 4R 5(E) [1 - pe(n)] (2.33)

The total number of secondaries produced per incident particle is also

equal to

S(E) = Se(E) + Sd(E) . (2.34)

The energy which is lost from the sample would be equal to

the number which escape Se(E) times the electron energy of escape Ee '

El = EeSe(E) . (2.35)

Conversely, the energy deposited is the sum of the energy
deposited by the electrons which escape and the energy deposited by the

electrons that did not escape.

11
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Ey= (E - Ee) Se(E) + E Sd(E) . (2. 36)

Equation (2, 36) can also be written in the following form:

Ed = E S(E) - Ee Se(E) (2.37)

by combining and substituting equation (2.34). The energy lost E, and
the energy deposited Ed are in units of Mev. To change units to Mev/gm/

cmz. it is only necessary to divide by the sample thickness T.
(7) Energy losses by gamma rays

The energy losses by gamma rays can be determined by use of
figure 2.7. By a weighted average of the prompt fission spectrum, figure
2.8, it was found from figure 2.7 that '

1 X =5,3x 105 Mev/cmZ + sec,
hr

By eliminating time, 1 r is 1,91 x 109 Mev per cmZ and deposits

100 ergs/gm of material or

-8
IMgi = 5,24 x10 ~ ergs/gm,
cm

235 fissions,

Approximately 7,7 Mev/{is are liberated when an atom of U
Therefore the energy deposited per unit thickness per fission in a sample

material is
1 fission = 0,252 Mev/gm/cmz.

However, the soft collisions (low-energy secondary electrons) cause
approximately half of this energy deposition, Therefore since the interest

is in the hard collisions (high energy secondary electrons), the above number
will be divided by two with the result

1 fission = 0,126 Mev/gm/cml .

12
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c. Procedure

The calculations in this report were made on a CDC 1604 high-
speed digital computer. The programs and sample outputs are contained
in the appendixes, To simplify the explanation of the calculational procedure,
a slide-rule accuracy example will be presented. The calculations were done

for sample thicknesses in the range from 0. 01 to 10 gm/cmz.
(1) Energy groups

The Maienschein (1958) energy spectrum, figure 2.8, for
prompt fission gamma radiation from U235 fission for times less than
5 x 10'8 seconds, was used in the gamma-ray program, This spectrum was
considered to be the best available for this type of calculation by several of
_the prominent people in the field. The average gamma ray energy from this
spectrum was determined and found to be approximately 0, 85 Mev, The
number of gamma rays per fission was found to be 9.1 with energy being
emitted at a rate of 7.7 Mev/fission, All this information was eval.uated by
choosing a uE of 0.2 Mev on the abscissa and reading the average ordinate,
Table 2.1 contains the results of the average ordinate multiplied by AE as
a function of the appropriate energies, The number of gamma rays per
fission Nm was used as a weighting factor in determining the following

parameters,

The energies of the incident photons were divided up into 39
groups as shown in table 2, 1. The average energy of the group was chosen
as the representative photon; for example, the first group with energies

between 0.0 and 0.2 Mev has an average photon energy of 0,1 Mev,
(2) Sample division

The sample was divided into wRs with thicknesses decreasing
by one-half each time, figure 2,9, The numbers n represent the center
lines of each 4R, The quantity Rn represents the shortest distance a
secondary electron would have to travel before escaping. These quantities

are related mathematically by the following relationships:

13
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Ry= 4T oRy = & T

R"-.: %Rl AR, = ;_»ARI (2.38)
Rn = ‘ZLRn-l oR = %ARn-l

Ry = §R1-1 4Ry = 2 Ry

The final Rn was chosen to be greater than 5 x 10'4r gm/cmz. Therefore,
the final R must be equal to or less than 3 1/3 x 1074 gm/cmz. or 4R
must be equal to or less than 6 2/3 x 10'4 gm/cmz. There were 5 divisions
or ALRs for a sample thickness of 0, 01 gm/cm2 ranging to 15 divisions for a
thickness of 10 gm/cmz. '

(3) Attenuation

In the passage of gamma-ray photons through matter, they are
absorbed so that the intensity falls off exponentially., This arises from the
fact that the extent of absorption in a small thickness dR in gm/cmZ of
matter, at any point in the medium, is proportional to the radiation iﬁtensity
at that point and to the thickness traversed; that is,

dl - -p dR
T° % (2.39)

Integrating this equation gives

-ER
1=1 e o (2. 40)

where p is the linear absorption coefficient of the absorber for the given
radiation, If A= 2Z, then 4 /p = 0,30125 o, where o is the total cross
section in barns, Therefore, equation (2, 40) becomes

14
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- 109-0'30125 o (T -R)

(2. 41)
where T and Rn are the same quantities as defined in figure 2.9, The

attenuation factor A is

Al - 0-0.30125 0 (T - R )

(o]

(2. 42)

This factor was multiplied by the secondary electron emission efficiencies,
equations (2. 29) and (2. 33), to take into account the attenuation of the

incident gamma rays.
(4) Sample problem

The parameters in table 2.2 will be used in the following sample

calculation,

In the beginning, equation (2.21), the probability of escape Pe.

was investigated:

-1 . R-R
Pe(R) Z“ erf = ). {2.21)

Notice, if R = R the argument of the error function is zero; hence, the
error function is zero making Pe(ﬁ) = 0.5, which is the correct value,.

As R approaches infinity the error function approaches 1, thus,

Pe(m) = 0, which is a correct value, However, on the other end where

R = 0, the argument of the error function becomes, by employing equation
(2.27), a negative 1/0,5762. This makes the error function take on a

value of negative 0, 98588; hence, the Pe(O) = 0,99294, This value should
be exactly 1, since the electron does not have to travel any distance (R = 0);
thus, the Pe(O) must equal 1. Therefore, 0.99294 was used as a scaling

factor for the probability of escape Pe.

The next step was to evaluate the cross sections for the energy
group of incident photons chosen, In this case the group lies between 1,0

and 1,2 Mev of table 2,1 with an average photon energy of 1,1 Mev, The
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<hv >
quantity, a = _Q.Z_AY , is evaluated and in this case equals 2, 155,

m C
]

Substituting this value in equations (2. 6) and (2, 10), then evaluating, one

finds

o = 0,2015 barns
and

°a = 0.0913 barns,

From equation (2. 13), the average kinetic energy T,y of the recoil
Compton electron is

o
T = <hv > —05 = 0.499 Mev,

AV o AV

By a careful investigation of equations (2.24) and (2, 25), it
was determined that an energy of 2. 4 Mev would be the best cutoff point
between the two equations, Therefore, since the above energy is less than
2.4 Mev, equation (2, 24) was used in combination with equation (2. 26),

giving

0.273 E"

=
"

(2, 43)
n=1,265-0,.0954 1nE

In this case E is T, and evaluating equation (2. 43) for the above T,
gives

R (0.499) = 0.1081 gm/em?® .

The average kinetic energy T, and range R for the Compton

electron have been determined. The next most important thing to calculate
is the cosine of the angle of emission, As given by equation (2, 15), this

16
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quantity can be evaluated immediately,

cos eAV = 0, 839,

The probability of escape was determined by equation (2, 21)
to be

P (R):l(l-erf B'_ﬁ).
en 2 a

To get a physical meaning of this quantity, figure 2,10 is presented, Notice
that R is the actual distance the electron travels and Rn is the distance
from the center line of the appropriate 4R to the interface (shortest

distance}), The quantities R and Rn are related by the following equatioﬁ:
R = Rn/cos OAV (2. 44)

In this problem, R = 0,223, The probability of escape, using the above

parameters, is

peZ (R} = 0.0047 ,

The attenuation A of the incident beam will be determined by

employing equation (2. 42), The result is

A= 0,98121.

Finally, the secondary electron emission efficiencies may be
calculated, Equation (2, 29) gives the fraction of secondary electrons which
escape per incident particle and takes the following form when the attenuation

is included:

S __(E)= 0,30125 oR _o(E) P_ (R) A (2. 45)
en n en n
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Substituting and evaluating equation {2, 45) for this sample problem gives

) 5
Sez(l.l)— 3.486 x 107~ se/iy .

To properly weight this number for the entire prompt fission spectrum
(figure 2. 8), the number of gammas per fission Nm from table 2.1 for
the energy group from 1.0 to 1.2 Mev was multiplied by the above number,
This gives

i 5
Sez(l.l) = 1.743 x 107~ se/fis .

To determine the number given in column 7 of appendix A for this energy
group, the above number must be added to the contribution for all the other

4GRs; i.e,, column 7 isa sumon R,

R
Se (E)= N (E)"f!l Sen (E) (2. 46)

Notice that this number is very small compared with the number given
(2.614 x 10°3),
come from the final «Rs, Column 8 is a double sumon R and E, Itis

Thus, this indicates that most of the electrons which escape

also weighted by the numbers given in table 2.1 in the following way:

(2. 47)

18
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or by substituting equation (2, 46)

E R
z Nm z Sen(E)
S, = m:=1 n=1 , (2. 48)

The final number Se in column 8 is the total number of secondaries per
incident photon with the proper weighting. In this case, for a thickness
of 0.5 gm/cmz. S, 1s2.952 x 10-3.

The number of secondaries per incident particle which are

deposited is determined in a similar manner. Equation (2. 33) becomes

Sy, (E) = 0.30125 4R« (E) [1 - pen(m] A (2. 49)

after taking the R dependence and the attenuation into account, Substituting

and evaluating equation (2. 49) gives

Sgp (1.1) = 7.410 x 1072 se/iy

However, the number in column 9 is given as a sum on R and is weighted

by the numbers in table 2. 1; for example,
S..(1.1) = 3.705 x 107> se/fis
dz . L4 .

Notice that this number is approximately equal to the one given (1,239 x 10-2').

thus indicating that most of the electrons deposited come from the first ARs,

Column 9 is the following sum:

R
Sd(E)= N(E) =z S
n=1

dn(E) (2.50)
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in secondaries per fission. Like the preceding discussion, column 10 is

E R
z IN_ = s, (E)
Sq= m=1 n= 1 (2.51)

in secondaries per incident photon.

To calculate the energy of escape, it is necessary to recall
the probability function and a diagram for simplification, figure 2,11, The
area under the curve to the right of Pe(R) represents the probability of
escape and is equal to the value given for Pe(R) . Since the curve
is Gaussian, the area under the entire curve is unity, Therefore, the re- .
maining area is the probability of being deposited [Pd(R) =1-P, (R)] .
To determine the average energy of escape E_. it will be necessary to go
to the mid-point of the remaining area, which is the same as taking half of
the actual probability of escape P, (R) , and work backwards through the
probability function. Thus

- L .
P, (Re) =3 P, (R) . (2.52)

The energy of escape is related to the range which remains after escape.
Therefore, it is interesting to determine the range which is left over,

namely

AR

n
]
'
0

(2.53)

The energy can then be calculated from the semi-empirical range-energy
equations given in a previous subdivision. From figure 2,11, the following

relationship can be derived by arrangement of parameters:

AR =<R -ﬁ)afR-R. (2.54)
e —
a

20



TDR-63-50

Notice that the argument of the error function from equation (2,52} is the
R -R

quantity £ > . Therefore, by solving equation (2.52) for this
a

quantity and substituting it in equation (2,54), ARe can be solved since
the other quantities are known,

For example, in the sample problem P_(R) = 0.0047
equation (2.52) give Pe(Re) = 0.00235, since

(1 -erf R -R)

P (R,) = % -

Solving this equation for the argument of the error function gives

R -R
e = 2,007
a

Substituting in equation (2,54) and evaluating give

LR, = 9.45 x 1072 gm/cm? .

By choosing the correct range-energy equation for this ARe and solving
it explicitly for energy, it is found that

E - exp [1.265 -J1.6 -oo.;zl: In (4R _/0,273) ] (2.55)

e
Solving equation (2.55) gives
E_= 0.103 Mev .,

The energy lost from the sample was caluclated using
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equation (2. 35},

Eln (E) = Een Sen (E)

6

Ey, (E) = 1.8 x 10" " Mev/fis .

This is not equal to the number (8, 448 x 10-4) given in column 3 for the

energy group because column 3 is a sumon R . Hence, column 3 is

R

E, (E) = n?;‘ | Een Sen (E) - (2.56)

Column 4 is a double sum taking the following form:

E R

= Z Z E S (E) . (2.57)
me] n-] €mn emn

E,

Likewise, columns 5 and 6 take the same form as shown above but they
represent the energy deposited. Equation (2, 36) gives the energy de-
posited:

Edm(E) = (E - E.) sem(E) + E Sdn(E)

3

Eg, (E) = 1.89 x 107~ Mev/fis .

This is approximately equal to the number given in column 5 {6,720 x 10’3).

indicating that most of the energy which is deposited occurs in the first 4Rs,
Column 6 is the energy deposited summedon R and E .

The second set of data in the appendixes represents the
parameters for the energies of escape. Columns | and 2 represent the
energy bands for the secondary electron energy of escape, Column 3 is
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the number of secondaries per incident particle Se which escape in that
energy band. Column 4 is the average angle of escape in degrees for electrons
which escaped in that energy band. Column 5 is the product of the average
energy for the group times the number of secondaries per incident particle
which escape (E Se). The energy spectra to follow were plotted using this
data,

The final set of data in the appendixes gives the angular distri-
bution, Columns 1 and 2 are the lower angle limit and upper angle limit,
respectively, Notice that the angular interval was chosen to be 2 degrees.
Column 3 is the number of secondaries emitted in that angular interval. The

angle-of-emission spectra to follow were taken from these data.

d. Results

The results are contained in table 2, 3 (Energy Losses and
Secondary Electron Emission Efficiencies as a Function of Thickness for
Prompt Fission Gamma Radiation) and table 2. 4 (Number of Secondaries
which Escape as a Function of Energy, Average Angle of Emission and
Thickness for Prompt Fission Gamma Radiation). The data contained in
table 2. 3 can be found plotted in figures 2,12 - 2.15, and table 2. 4-2.5 data
are in figures 2,16 - 2,27,

e. Discussion

Figure 2,12 gives the number of secondaries escaping Se as a
function of thickness. Notice that at a thickness of 0,01 gm/cm"™, Se is
4.7 x 10'4 secondary electrons per incident photon (se/iy) with a constant
increase with thickness to approximately 1 gm/cmz where the curve reaches

a maximum value of 3 x 10'3 se/iy (0.3%); thereafter it begins to decrease

with thickness to a value of 2 x 10'3 se/ivy at 10 gm/cmZ . The increase is
due to more atomic electrons being made available and the decrease is due

to the attenuation of the incident beam.

Figure 2.13 is a plot of the number of secondaries deposited Sd as
a function of thickness. It forms a straight line on log-log paper. This

function increases with thickness from 7 x 10°3 se/iy at 0,10 gm/cm"™ to

23




TDR-63-50

0.9 se/iy at 10 gm/cmz . This seems reasonable since one would expect

more secondary electrons to be deposited as the thickness is increased,

In figure 2,14, the energy of escape per unit path length is given as_
a function of thickness. It is shown that the energy loss E, is greatest for
small thicknesses (E‘ = 1.45 x 10'1 Mev/gm/cmz) and decreases to 1,25 x

10'3 Mev/gm/cmz for large thicknesses (10 gm/cmz). which is as expected,

Figure 2,15, the energy deposited as a function of thickness, follows.
the reverse of figure 2, 14; that is, the energy deposited increases with
thickness. It should be observed that upon adding the curves in figures 2. 14
and 2, 15 point for point the total energy removed from the incident beam is
0.170 Mev/gm/cmz. This is in good agreement with the number predicted
in section 2b(7) (0.126 Mev/gm/cmz).

Figures 2,16 to 2. 26 contain the energy and angle-of-emission
spectra for prompt fission gamma radiation for thicknesses in the range
from 0,01 to 10 gm/cmZ . The energy spectrum is a plot of the number of
secondaries escaping per incident photon per energy interval, Se as a
function of the energy of escape Ee

Figure 2,27 contains all the energy spectra so one can get a relative
perspective of their intensities as a function of thickness. Notice that the
intensity increases with thickness up to 0,75 gm/¢:mz and then decreases,
The most probable energy of escape Ee occurs at approximately the same
value (0, 15 Mev) for aimost all the thicknesses except the larger ones where
the peaks are broader, making the most probable energy of escape less

pronounced,
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Table 2.2

Parameters for Sample Problem

Parameter Value

T (thickness) 0.50 gm/cm®
bv o 1.0 - 1.2 Mev
<hv °> AV 1.1 Mev

Rp 0.1875 gm/c?
4 Rp 0.1250 gm/cm?
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Table 2.3

Energy Losses and Secondary Electron
Emission Efficiencies as a Function of
Thickness for Prompt Fission Gamme Radiation

T E, Ey 8, 8y
(an/cm2) {Mev.cm?/gm.fis)** (Mev.cme/am.fis )™ (se/iy ) (se/iy )
10.0 1.20-3" 1.69-1 1.91-3 9.25-1
5.0 2,94-3 1.68-1 2.46-3 4.61-1
2.5 6.51-3 1.64-1 2.61-3 2.29-1
1.0 1.71-2 _ 1.53-1 3.02-3 8.97-2
0.75 2.26-2 1.48-1 3.03-3 6.66-2
0.50 3.24-2 1.38-1 2.95-3 4.35-2
0.25 5.37-2 1.17-1 2,61-3 2.06-2
0.10 8.54-2 8.49-2 1.92-3 7.39-3
0.05 1.08-1 6.29-2 1.36-3 3.29-3
0.025 1.27-1 4,36-2 9.05-k 1.u2;3
0.01 1.45-1 2.52-2 4,69-4 b.63-4
*1.2x10"3

** 9.1 gammas,fis

27




TDR 63-50

AN OT'0 = A7 «
502t 200°0 G0t £000°0 so*et £000°0 Go*et L0000 0°9
oL*%1 620°0 29°4T 9%0°0 29°11 €600 29°41 ©%0°0 04
€€°6T 6221 9L*gT 7ls 1 9L*gT Son1 9L°gT €921 02
go°€e 2Ll6 y 19°12 LEQ°6 Ls*o2 €L6°p LS o2 oL 0°T
92 o€e2°02 ¢692 061°92  2E°€e lege o2 oot et 90}
9€-S¢e 0SE 62 €6°2¢ OLT°0f  €6°2E 0%0°6e  g€6°2¢ onE° LT ST°0
SHe6E 0L6°5T Encon 085°ST  Eneon OTE*2T  En°on 669°L %o°o

AT AT Ay : 41
(Bsp)0 | (98 #-01)%s| (Bop) 0 T 7-00% | ()0 JCC , o1)% | (PeP)0 | (38 4-0U)%s .
(asm) "3
SO/W. 0°T = & Zw/wd G2 = Fojud ¢ =g 2/ 01 = 3

UOT3BTPEY vumrep woyssty adwoxy
I0F SSANDPIYL PUe LOTSSTRY JO STIY aBuraay ‘ASxaug Jo
uoT3ouUNg © sv adeosy YOTUM SITIVPUOIIG JO Joqumy

f1°e ITawy

28



TDR 63-50

goet 200°0 so°et 200°0 so°2t 200°0 go°et 200°0 0°9

9L°#T #10°0 oL*4T 620°0 oL 4T 620°0 S9° 4T g%0°0 oYy
Lto2 195°0 90°02 S€9°0 SL6T 060°T TS*6T gEE"T 0°2
snese €9y , 98° e gsen 98 12 LLCAR | on°te 2e6°L 0°T
6T°TE oSN 4T H0°0t 06T 41 on°ge 002°9T £6°l2 0g6°T2 m.m.o
S6°gE 000°9€ €L-LE OET°TE 66°9¢ ons° ot 20°6E 0p0°gt ST°0
7O 2h 069°6T 00°TH onT LT cEon 0tL*9T g€2-on 0T19°ST 60°0

A1 & E N T
(890)0 | (a8 #-0T)°5 | (F9P) 0 | (38 #-0T)%s ((FP) 6 | (35 4-0T)s | (39P) o (s 4-01)%

(aom) °g

2%/ o010 = Zmfud ¢2°0 = g m/u8 05°0 = & J/m SLo =

»
,
UOTIeTPRY wWmre) UoIssyy dwoxg L
J0J SSIMPTIY]L PUB UOTSSTWE JO ITAUY afurasy ‘ABxsuy uo
woT3oung B sv 3dedsy YOTYM SITIVPUOIAG JO JISTTMN

(P.s3u0)) #°2 3Tq8L

29



TDR 63-50

--- --- go*2t T00°0 ¢0°2T 200°0 0°9
6L°4T 200°0 6L°41 6000 6L°41 600°0 0%
42°02 §80°0 42°02 0220 42°02 022°0 0°2
6L°62 299°0 6L°G2 9L 0 oL*s2 002°2 0°T
6T°TE 701°T 6T°TE 02T 4 6T 1t ETT Y 49
ot o% ottet eL-6¢ ogh-22 ™ 6¢ 0E4°0E <t
OE°En oLe*6 R 069°5T 652 oo ST co-

(92p) 0 - 7008 | (90)0 Aw n00)’s | (3%) 0 (e8 4-0T)%8
1 (som) °g
/18 10°0 = Jmo/uB $20°0 = I _ /w8 0°0 = T

UOTIUTPRY WM UOTSsTy 3dmoxd
JOJ SSIUNDTYL PUY UOTSSTHY JO aTRuy afexaay ‘A3xeug JO

uoTjouny v g8 adessy YOTUM S9TISPUOOag JO Joqumy

(P.qu0d) #°2 ITAVL

30



TDR 63-50

ol = 09

glz*o 1L0°0 9000 #00°0 200°0 Sq
02€ *6T 00L°gT 00€ *9T OTT*€T £on°Q e
otg°ce oL6°Te oTT 02 0T0°.LT olteet 143
080°92 of2-s2 onE €2 00€ *02 09€°ST €
0T6°62 0£6°62 0g9°Le 0£6°%e o2z °oe Ge
oo* LT oghn*LT 054°9T 0ST°ST 09g°2T w©
9gt °2 610°¢ €18°€ Lo9°€ L=t 9
AT s a3 ° AT ° AT 9 2r a
(38 4-01)°S (es 4-0T)'8 (e8 4-0T)°'8 (s 4-0T)"S (e8 4-01)"S (590) §
gofudcLo = I | /ot =3 | /WG =3 | /S = Zuwo/woT = I

TOTIETDSY WD UOTSSTY

admDIg I03 SFDPTYL, pue ITBUY JO

uoTyoung ® 8% adwosy YOTUM SITIUPUODIG JO Jaqmny

G°2 ITa™L

3 e T AR R

31



C°0 662°0 #$2°0 262°0 080°0 Llo*o S
oTi*2T T90°2 065°02 006°02 096°61 0£6 €T ™
266°€ T18°6 0ST 9T o6l ge ott-€e o2L-22 143
19 G4 206°6 oHg°0T oxt-o2 0TE 92 on6°62 Tt
g£0°1 ops e 661°S 0Te 0T 09€ ‘€2 OoHG°ot G2
gege o 619°0 6€9°1T L62°€ 096°L ogt 4T 12
#€0°0 790°0 691°0 L£€°0 9€g°0 €49 T ST

AT AT At AT AT AT

(a8 #-01)% (e8 #-0T)% (38 4-01)%s (e8 7-00)%s (38 4-00%s| (38 4-00)%s (%00) 0

ZR/WT0°0 = I | FW0/uBG20°0 = T| /W00 = I |wo/uBor'0 = I [J/uBG2'0 = I|md/uBoS0 = I

TDR 63-50

UOT18TPEY WIS WOTSITS
4dwoxd I0F ssAHADTYL puw ITBuy Jo
uoT3oung ® ge adwoeg UOTUM SITIVPUOIIG JO JIqumy

(v,3u0)) §°2 TAWL

32



TDR-63-50

(212 'd ‘661 ‘suwazg woaj) [enba jenf

31w $353))39 Burzoqudiau om3 Y3 YI1Yym 10j AY pu® Z JO SIN[EA Y} MOYUS saul]

-suoi3sesajur Aez-vwwed jo sadky zofewr aaays ay3 jo a>uwizodwy saneiay |z 3andry

ayL
(asy) ABasuy WY
00T ot . T T° T0°
] T L] ———-— T L ] __qdq—q 1 1 _--— L} | I | °
— —— 3
- -1 o2
- JTWUTWOD ° —| ot
300339 W) e

- + M -

. on

°
I — 0§
— —{ 09
| — ol
- — 08

FWUTROD FWUTEOD

:_;__ | 1 ‘:__m 1 1 _C.~__L i ______L 1 L 00T

(2) sequngt oTWORY

33



TDR-63-50

Figure 2.2 Trajectories in the scattering plane for the incident
photon hvo . the scattered photon hv , and the

scattered electron which acquires momentum p
and kinetic energy T (from Evans, 1955, p. 675)
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Figure 2.3 A thin absorbing
sample
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Rnge (gn/an?)

Figure 2,4 The number-distance curve for an electron with
energy E, i.e,, monoenergetic particles,
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Figure 2.7 Gamma flux to give 1 roentgen; hour
(from Rockwell, 1956, p. 20)
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Figure 2,10 Diagram of the probability of escape Pe
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Figure 2. 11
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Diagram for the calculation of the energy of
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Let us very briefly look at the electromagnetic phenomena that are
of importance in the interaction with matter of high-energy charged particles,
such as 25-Mev electrons from a linear accelerator (linac), We will con-
sider first the phenomena that occur when a charged particle passes in
the neighborhood of an atom.

(1) If the distance of closest approach is large compared with the
dimensions of the atom (10'8 cm), the atom reacts as a whole to the variable
field set up by the passing particle. The result is an excitation or an ioniza-
tion of the atom. The phenomenon can be treated by the ordinary methods of
quantum mechanics without direct reference to radiation, For these compara-
tively distant collisions, the magnetic moment of the particle is of secondary
importance, because the forces associated with the magnetic moment de-
crease as the third power of the distance, whereas the Coulomb forces
decrease as the square of the distance. Therefore the passing particle can
be considered as a point charge.

(2) 1f the distance of closest approach is of the order of atomic
dimensions, the interaction no longer involves the passing particle and the
atom as a whole, but rather the passing particle and one of the atomic
electrons, As a consequence of the interaction, the electron is ejected from
the atom with considerable energy. This phenomenon is often described as
a knock-on process, If the energy acquired by the secondary electron is
iarge compared with the binding energy, the phenomenon can be treated as
an interaction between the passing particle and a free electron. Radiation
phenomena can still be neglected, and the ordinary methods of quantum
mechanics can be used, However, one can no longer neglect the magnetic
moments or spins of the interacting particles. When the particles are
identical, exchange phenomena occur and acquire special importance when
the minimum distance of approach becomes comparable with the DeBroglie
wavelength. This collision process will be described as an elastic collision

with atomic electrons,
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(3} When the distance of closest approach becomes smaller than

the atomic dimensions, the deflection of the trajectory of the passing particle
in the electric field of the nucleus becomes the most important effect.
Classically, each deflection results in the emission of a weak electromagnetic
radiation with a continuous frequency spectrum, Numerous soft quanta, whose
total energy is usually a very small fraction of the particle energy, accompany
the deflection. In few cases, however, one photon of energy comparable with
that of the particle is emitted, Because of the comparatively small probability
of this eff:ct, the problem of the scattering of particles can be treated

separately from that of radiation or bremsstrahlung.

{4) The problem of computing the probability of photon emission by
the passage of a charged particle through an atom requires the application of
quantum electrodynamics. As in the scattering problem, the atom is still
represented schematically by a central field of force. However, the
Hamiltonian of the system, which in the scattering p-oblem consisted of the
Hamiltonian of the particle exclusively, now contains also the Hamiltonian
of the electromagnetic field and a small interaction term that depends on the
coordinates of both the particle and the field. This interaction term produces
transitions corresponding to energy transfers between the particle and the

electromagnetic field.

It will be shown that the predominant mechanism for energy loss
by 25-Mev electrons is by ionization. This will be described as an elastic
collision process between the incident electron and the atomic electrons,
Also, this collision mechanism could be considered as an inelastic collision

between an incident electron and the atom as a whole,

For this discussion we will put methods (1) and {2} into one
group and call it energy loss by ionization, Methods {3) and (4) will be put
into another group and called energy loss by radiation or bremsstrahlung.
As was mentioned above, we will show that energy loss by ionization collisions
is much greater than energy losses by radiative-type collisions which give

rise to the emission of photons,

The energy loss by ionization collisions and that loss by

radiative-type collisions have a strikingly different behavior. The energy
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loss due to radiation collisions is nearly proportional to Z'2 and the increase
is nearly linear with vnergy, while ionization energy losses are proportional
to Z and increase only logarithmically with energy. Therefore, when the
energy of the incident electron Eo becomes much greater than l:‘.c then the
radiation collision process predominates, If Eo < Ec . then the ionization

process predominates. Table 3.1 was taken from Segre (1953}, p. 266.

Segre {1953) gives this relationship

(dE /dx) rad= E _2Z
Q = Q

(dE /dx) ion 1600 m 2
o o

for the ratio of the radiative loss to the ionization loss, The above relation-
(dEo/dx) rad

ship was used to determine the ratio ——2%
(dEo/dx) ion

. found in table 3,1, The

incident electron energy is given to be 25 Mev.

One can see from table 3.1 that E_~ E_ for iron (Z = 26).
This means that radiative and ionization losses should be approximately equal
at this point, Indeed, this is shown to be true by observation of the ratio of
losses for iron. At this point the approximation A - 2Z begins to break
down, Therefore, the concern will be with lower Z materials where the

ionization losses are at least a factor of 2 greater than the radiative losses,

b. Theory
(1) Conservation laws for elastic collisions

For purposes of calculating the angular distribution, it is
assumed that the theory of elastic collisions holds for the interaction of the
incident electron and the atomic electrons, Whatever the forces involved,
the principles of the conservation of energy and momentum must be satisfied,
so that the consequences of these principles remain applicable under all

circumstances.

Such consequences may now be considered by studying the
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disturbance created by the passage of one particle through the field of force

of anotner particle,

Conservation of momentum in the direction of the incident

electron is

P, = Pcos b + p' coso (3. 1)

and normal to the direction of the incident electron is
0= psin6 -p sing. (3.2)

A third relationship between these variables is obtained from the conservation

of energy,

E =E+ E . (3.3)

Using the relativistic relationship

pc=\/T(T+ Zmocz) (3.4)

where T is the kinetic energy, and some algebra, one can solve for the
cos € by using the momentum vector diagram in figure 3.1 and the law of

cosines, The cos 9 becomes

E(E + 2m c2
[o] Q

cos & = (3.5)
(poc) {pc)
where
Py =‘\/I';0 (E_+ 2 mocz) (3.6)
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and

pc= »\E(E+ Zmocz). (3.7)

If one evaluates equations (3,5) and (3, 6) for E_ - 25 Mev, the cos ©

becomes in its simplest form

cos & = 1,0206 £ (3.8)
p (o
where
pc= . /E(E+ 1,022) (3.9

where the secondary electron is born with energy E in Mev,
(2) Collision cross sections for identical particles

The collision between an incident electron and an atomic electron
requires special treatment because the two electrons are indistinguishable
after the collision, Consider the collision of an incident electron of kinetic
energy Eo with an atomic electron which was initially free and stationary,
After the collision one of the electrons will have energy E, the other,

(EO—E). It cannot be determined which electron was the incident electron,
Arbitrarily, the faster electron after the collision is defined as the incident
electron insofar as future collisions are concerned, This is equivalent to
restricting the energy transfer E to values up to EO/Z. Thus, the maximum
energy transferred to the secondary electron by the incident electron will be

Enax = Eo/2-

To understand the quantum-mechanical cross sections for
collisions between two electrons, it is helpful to evaluate the classical cross

section first, Evans (1955) gives the classical differential cross section as
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4
ds (E ,E) = cxe dE {3.10)
o' 2 2
mov E

This represents the probability that the incident electron loses energy E and
has kinetic energy (EO-E) after the collision, But to this must be added the
classical probability that the incident electron loses energy (EO-E) and has

kinetic energy E after the collision, which is

do (Eo' EO-E) . Lne dE (3.11)

Thus the classical differential cross section for the collision between
identical particles, i, e., the probability that one particle will have kinetic

energy E after the collision, is the sum of the two probabilities, or

4
do (E_,E) = 2 4F <_£g_> L E s 2E L o)

myv E
[

This cross section applies only for EZ(EO-E). i.e,, for E<_Eo/z . For
E_ZEO/Z . the corresponding cross section is zero, because these collisions

are already included in equation (3, 12},

To introduce into the cross section the effects of quantum-
mechanical exchange, and of relativity, Moller treated the problem of the
collision between two free electrons, using the relativistic Dirac theory of
the electron. In Moller's theory the spin {measured in units of # ) and its
magnetic moment (measured in units of e 4/ lmoc ) were assumed to take on
the normal values, namely, magnetic moment 0 for particles of spin 0,

and 1 for charged particles of spin 2 or 1,
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Moller's cross section for extremely relativistic electrons (E°>>moc2) is

4 2 272
2 )
as = 28 4E <_EQ.> t-E T E (3.13)

E -E E EZ¢
o] [o] o]

Equation (3, 13) can be found in Evans (1955), p. 577, and Rossi (1952), p. 15.
It has the same limits as equation (3, 12) and represents the probability that
the slower electron will have energy E after the collision, In equation (3,10)
through (3,13), v represents the velocity of the incident electron, In this
case the incident electrons have an energy of 25 Mev, which have a velocity

equivalent to the speed of light for all practical purposes,

Equation (3. 13) can be integrated from E to EO/Z to get

m c 2E E EZ E -E
o o o <]

o(EO,E)z.lzL.e%[_l_+L-_E_-_J__} (3.14)
where o (Eo. E) is the probability of producing a secondary electron with
energy between E and EO/Z . The integration is somewhat tedious, but
straightforward, and is not presented in this paper because of its length and
lack of contribution, Thus, the cross section as given in equation (3, 14) will
be used in equation {2, 18) to give the number of secondary electrons produced
while the incident electron passes through the thickness T, Concern is only
with the interactions of the incident electrons and the atomic electrons pro-
ducing secondary electrons, It will be assumed that the tertiary electrons
produced by the secondary electrons can be neglected in comparison with

the secondary electron production,

The theory of the secondary electron production, the probability
of escape and deposition, the range of electrons, and the number and energy
losses shall be the same for incident electrons as for photons as described
in section 2. The theoretical energy losses for charged particles will be
presented next so that we can later compare the calculated and predicted

theoretical numbers,
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(3) Energy losses determined theoretically

The average energy loss by an electron initially with energy EO

per unit path length is defined by

Emax
2Nz | E do (E_, E) (3.15)

where N is the number of atoms per cm? and E,, .y is defined to be equal
EO/Z . To evaluate the above integral collisions will be divided into hard and
soft collisions. Namely, hard collisions will be defined as energy transfer
between EMAX and some arbitrary value EH' where the only restriction

on EH is that it be large compared with the binding energy of the electron,
Soft collisions are defined to be collisions where the energy transfer extends
from the arbitrary value EH to the minimum possible energy transfer EL .
which is generally of the order of an excitation energy or the ionization

energy of one atomic electron. The hard collision contribution was determined
by substituting equation (3.13) for d: (Eo. E) in equation (3. 15) and integrating

the straightforward but tedious function term by term to find

4
dEoy . 2te N2 <“‘ En_) _ 0.261 (3.16)

2
ds moc EH

Since interest is only in high energy secondary electrons, the
soft component will not be considered. Evaluating equation (3. 16) for 25-Mev
incident electrons and using E,, as the ionization potential for aluminum

(165 ev), gives

dE
—a-ﬂﬂr 0. 881 Mev/ gm /cm2 .
s
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This number will be compared with the results of the computer calculation

in the section on discussion of results.

c. Procedure
(1) Energy groups

Since the calculations were made on the CDC 1604 high-speed
digital computer, the energy groups can be made as small as desired. How-
ever, it was found that AE = 10'Z Mev was as small as needed. Any further
reduction in 4E only increased the computer time proportionately and did not
improve the calculation significantly to warrant the change. Thus, the energy
groups used are shown in figure 3, 2.

The first energy group starts at EO/Z for reasons discussed
in the theory. The lower bound was chosen to be the K shell ionization
potential (165 ev) for aluminum for all runs. This does not present a serious
error for two reasons, {(a) Interest is only in high-energy secondary electron
emission. (b) The ionization potential varies linearly with Z , so for low Z

materials the above number is a good average.
(2) Sample division
Sample division is the same as described in section 2, c(2).
(3)  Attenuation

The energy of the incident electron is reduced as it passes
through a sample material. The incident electron is attenuated by calculating
(using methods outlined in section 2. c(4)) the energy of the particle at the
center of the AR in question and this is assumed to be the incident electron
energy for the entire <R,

(4) Sample problem

The calculational method is the same as described in section 2. ¢
(4) except for the differences mentioned above, Therefore, no sample problem
will be given in this section,
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d. Results

The results are contained in table 3.2 (Energy Losses and Secondary
Electron Emission Efficiencies as a Function of Thickness for 25 MEV
Electrons) and table 3.3 (Number of Secondaries which Escape as a Function
of Energy, Average Angle of Emission and Thickness for 25 MEV Electrons),
The data contained in table 3.2 can be found plotted on figures 3.3 - 3,6, and
table 3.3 and 3, 4 data are plotted on figures 3,7 - 3,18,

e. Discussion

Figure 3.3 gives Se versus thickness, At a thickness of 0,01 gm/
cmz. Se is 7 x 10'3 se/ie with a constant increase with thickness to approxi-
mately 8 x 10'Z se/ie (8 percent) maximum at about 4 gm/cmz and then a
decrease to 4.8 x 10-2 se/ie at 10 gm/émz. The increase is due to more
atomic electrons being made available and the decrease is due to the attenua-

tion of the incident beam,

Figure 3, 4 forms a straight line on log-log paper and is a piot of
sd versus thickness, 'I;he values range from 46 se/ie at 0,01 gm/cmz to
4600 se/ie at 10 gm/cm”~, One would expect the number to become larger
with thickness, ’

Figures 3.5 and 3, 6 will be considered together, The former is a
plot of the energy of escape E, and the latter is a plot of the energy de-
posited Ed per unit path length as a function of thickness. Adding these two
curves point for point gives the energy liberated by the incident beam; this
value ranges from 0. 849 to 0, 904 Mev/gm/cmz. The predicted value as
given by section 3,b(3) is 0. 881 Mev/gm/cmz. This is an indication that
the calculational method is correct.

Figures 3,7 to 3,17 contain the energy and angle of emission spectra
for 25-Mev electrons for thicknesses in the range from 0,01 to 10 gm/cmz.
The energy spectrum is a plot of the number of secondaries escaping per

incident electron as a function of the energy of escape,.

Figure 3. 18 is a plot of all the energy spectra as a relative per-
spective of their intensities as a function of thickness. The intensity
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increases with thickness in general. The most probable energy of escape .E:e

occurs at about 0.15 Mev for almost all the thicknesses,
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Table 3.1

Critical Energy E. and the Ratio of the
Radiative Loss to the Ionization Loss for
Various Materieals

. (dEo/dx) rad
Meterials z (Mév) {aE,/ax) fon
Hydrogen 1 340 0.0313
Carboa ° 103 0.133
Alumizum 13 47 0.1407
Iron 20 24 0.513
Copper 29 2i.5 0.307
Lead 32 0.3 2.570
Air 7.36 33.0 0.230
Water 7.23 33 0.227
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Table 3.2

Eneryy Losses and Secondary Electron
Emission Efficiencies as a Function of
Thickness for 25 Mev Electron

T E, Eg s s

e d
(gn/cma) (hiev/gxn/cma) (Mev/'Jn/cma) (se/ie) (se/ie)
10.0 4,17-3% 8.45-1 4.33-2 4.67 + 3
5.0 2.55-2 3+53-1 7.33-2 2.3+ +3
2.5 6.85-2 d.21-1 T.51-2 1.17 + 3
1.0 1.32-1 7.67-1 6.01-2 L.67 +2
0.75 1.51-1 7.50-1 5.46-2 3.51 +2
0.5 1.76-1 T2kl L.71-2 2.34 + 2-
0.25 2.17-1 0,05-1 3.56=2 .17 +2
0.1 2.65-1 6.37-1 2.35-2 L,67T +1°
0.05 3.00-1 6,041 1.63-2 2.3 +1
0.025 3,29-1 5.73-1 1.17-2 1.17 +1
0.01 3.66-1 5¢35-1 7.06-3 L.&3 +0
* 417 x 203
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E', p.
Scattered Incident

Figure 3.1 Trajectories in the scattering plane for
the incident electron Eg5, the scattered
electron E', and the secondary electron
E. The momentum is represented by p
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12.50 Mev

MINNNNNNNN .
///////// m:uam

Iomisation
Potential

Figure 3.2 Energy groups for the 25 Mev
electron program
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The remarks in this section concern a 600-kv Fexitron Flash X-Ray
System manufactured by Field Emission Corporation, McMinnville, Oregon,
The spectrum used for the calculations to follow was measured on the Fexitron
located at Sandisa Corporation, Albuquerque, New Mexico. It is capable of
delivering 1200 megawatts in 0.1 usec with impulse currents of 2, 000 amperes
at 600-kv s 0ode potential,

b. TIheory

The theory for this section shall be the same as section 2. b,
c. Erocedure

(1) Energy groups

The Bouchard (1962) energy spectrum, figure 4,1, measured at
the Sandia Corporation 600-kv Flash X-Ray System was used to determine the
weighting as a function of energy group. Table 4,1 contains the energy groups
and the spectrum weighting factors as taken from figure 4.1,

The quantity E N(E) in table 4.1 is used in this section in the
same context as N_ in section 2. c(1),

(2) Sample division

The sample division in this section is the same as section 2. c(2).
(3) Attenuation

The attenuation is the nnl\e as section 2, c(3).
(4) Sample problem

The calculations were done in a very similar manner to those
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in section 2.c(4) except for different energy groups and weighting factors.

d. Results

The results are contained in table 4, 2 (Energy Losses and Secondary
Electron Emission Efficiencies as a Function of Thickness for 600 KV X-rays),
table 4, 3 (Number of Secondaries which Escape as a Function of Energy,
Average Angle of Emission and Thickness for 600 KV X-rays) and table 4. 4
(Number of Secondaries which Escape as a Function of Angle and Thickness
for 600 KV X-rays). The data contained in table 4. 2 can be found plotted on
figures 4,2 - 4.5, and table 4, 3-4, 4 data are in figures 4,6-4.7,

e. DRiscussion

Tables 4. 2 and 4. 3 contain the data from the computer. The results

of these tables are plotted in figures 4.2 - 4.7.

Figure 4. 2 gives the Se versus the thickness, For small thicknesses
the value Se increases to a maximum of 5 x 10" and stays at this value over
a large range of thicknesses. However, it begins to decrease for the larger

thicknesses to a value of 2 x 10™4 at 10 gm/cm2

Sd versus thickness forms a straight line on log-log paper, figure’

4,3, It increases from 10'3 at 0,01 gm/c:mz tol at 10 gm/cm™ ,

3 Mev/gm/cmZ for

The sum of figures 4.4 and 4.5 gives 8, 08 x 10~
the energy loss by the incident beam which is a factor of three less than the
total energy loss, Since we are only concerned with the high energy component

this seems reasonable for 600 KV X rays,

In figures 4.6 and 4,7, one will find the energy spectra and angle-of-
emission spectrum plotted, The angle-of-emission spectra were all almost
the same value (see table 4, 3); therefore only one is presented. In figure 4,6,
the intensities increase with dec reasinj thicknesses in general, However,

there is a striking difference in these spectra from the previous ones because

these do not reach a maximum up to 0. 05 Mev. The spectra are presented

together so one can get a relative pcrspective of their intensities,
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Table 4.1

Energy Groups and Wei hting; Factors
For 600 KV X-rays

hv,  (bev) E N(E) (ﬁ)
.00 - .05 0.000
.05 - .10 1.050
.10 - .15 2.300
.15 - .20 2.600
.20 - .25 2.750
25 - .30 2,300
.30 - .35 2.625
¢35 - b0 2.300
N TN 1.350
45 - .50 1.350
+50 - .55 0.300
55 = .60 0.250
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Table 4.2
Energy Losses and Secondary Electron
Emission Efficiencies as a Function of
Thickness for 600 KV X- rays
T E, Ed Se 83
(em/en®)  (Mev/gn/ca’) (Mev/gnjeu®)  (se/iy )  (sefiy )
10.0 1.70-6. 8.08-3 1.95-4 1.13 0
5.0 5.]‘2-6 8.08-3 3017-)“ 5063- 1
205 1.37-5 8-08"3 ’4.0‘6-!& 2081- l '
loo 3.%-5 8.08-3 u'67‘h 1012- l
0‘75 5.37-5 8.03'3 u.&-u 8}39' 2
0.50 8.28-5 7.98‘3 ‘*091-)‘ 5-5‘U' 2
0.25 1.69-4 7.93-3 5.03=4 2.76- 2
0.10 4.29-4 7.69-3 Sell-k 1.07- 2
0.05 8.62-4 7.26-3 Sellelt 5.11- 3
0.025 1.72-3 6.39-3 5.13-4 2.30- 3
0.01 3.6“,-3 hoh6'3 "028’“ 60%- h
* 3.51 x 1079
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90° 80° 70° 60° 50°
1 / Z £

Se (10 %e/iy/80)

INCIDENT
RADIATION

Se (10 *se/iy/A0)

Figure 4.7 Angle of emission spectrum for 600-kv X rays,
The numbers 10, 5, 2.5 .... etc., are thick-
nesses in gm/cmZ
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5. N RCEN R

a. Low-Z materials were assumed (A = 2Z), that is, materials where
the atomic mass is equal to two times the atomic number. However, these
calculations apply for materials where atomic mass is not identically equal
to two times the atomic number because there is a cancelling effect on atomic
number and atomic mass because of the range-energy relationships

used, There is essentially no error involved,

b. Interactions are described by straight-line motion using semi-
empirical range-energy curves for aluminum, This is not considered to be
an error of any consequence for low-Z materials, However, it would be
better to make the calculations for the range-energy curves for whatever

material is being used,

c. The angular distribution was taken into account assuming elastic
collisions with the incident particle and the atomic electrons. No error is

anticipated,

d. Attenuation of the incident beam was also evaluated and included in

the calculations., No error is anticipated,

e. Plates were used which are thin (0. 01 to 10 gm/cmz) compared with

the range of 25-Mev electrons (13 gm/cmz).

f. Only secondaries (delta rays) produced by the primary electrons are
considered. Thus the low-energy secondary electron ionizations, which are
proportional to the total number of low-energy electrons produced have been
ignored. The error here is very small; and the best calculation is about

3 - 4 percent.

g. The integral of the cross section for production of a secondary
electron times the probability for escape from the surface has been calculated,
assuming the latter to be proportional to the range of the secondary. No

error is anticipated,

h. The atomic electrons have been assumed to be free (kinetic energy
after the collision is much greater than the binding energy) and stationary
(the kinetic energy before the collision is much smaller than the kinetic
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energy after the collision). No error is anticipated.

i. The density effect was not taken into account., Each atom was
considered as an isolated event with no interference from other atoms in the
neighborhood. In other words, the collisions were considered as close

collisions. No error is anticipated.

Jo  The Compton interaction was assumed to be the predominant
mechanism for energy loss in the prompt fission gamma and 600-kv X-ray
calculation. The error is negligible for prompt fission gammas; however,
the photoelectric effect should be included for higher Z materials in the
X-ray calculation,

6. RESULTS,

A summary of some of the most important results is given in table 6.1,
As can be observed from this table, the secondary electron emission efficiency
for 600-kv X rays is 0, 05 percent with the prompt {ission photon efficiency
approximately an order of magnitude greater and the 25-Mev electronl
efficiency about two orders of magnitude greater,

The energy losses by the incident photon beams are approximately the
same and agree very well with the predicted value, The energy loss by the
incident 25-Mev electron beam agrees almost identically with the predicted
value, The energy loss by the 25-Mev electron beam is about a factor of five

greater than the energy losses by the photon beams.

The number of secondary electrons deposited per incident particle S‘,l is i
1 for the two photon bearns but 4, 600 for the 25-Mev electron beam, This
indicates that the electron beam has a stronger tendency to produce low-
energy secondaries that do not escape.

The energy and angle-of-emission spectra are given in the various
sections,

The results of this paper give the experimenter the basic parameters
necessary for comparing the transient radiation effects on electronic com-
ponents for various types of radiation fields. With a slight modification of
the results, one can plot curves for the proper dose for irradiating a sample
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with the machine to give the same effects one would expect from a prompt
fission gamma radiation field. In this way one is able to properly simulate
in the laboratory the effects expected in a nuclear environment, since an
important part of a nuclear environment is the prompt fission gamma radia-

tion field,

7. CONCLUSIONS AND RECOMMENDATIONS,

An accurate method has now been established for determining the
secondary electron emission efficiencies as a function of energy of escape,
their angle of emission, and many other basic parameters for comparing

different radiation fields for transient radiation effects work in the laboratory.

It has been found that the secondary electron emission efficiency for
25-Mev electrons is 8.0 percent followed by the prompt fission gamma

elficiency of 0. 3 percent and finally the 600-kv X-ray efficiency is 0.05 percent.

The energy spectra were about the same for all three types of radiation
fields with respect to their intensities, The shapes were approximately the
same for 25-Mev electrons and prompt fission gamma. However, the 600-kv

X-ray spectra did not reach a maximum down to 0. 05 Mev,

Since these are basic parameters, they will be useful in many ways, The
individual experimenter is left the task of adapting these parameters to best
fit his needs. For example, if one is interested in keeping the secondary
electron emission efficiency the same for his laboratory radiation field and
for a nuclear environment, it will be necessary to plot a curve relating these
parameters. On the other hand, if an experimenter is interested in keeping

the energy deposited equal, another curve can be plotted, etc.

The 600-kv X-ray calculation should be used only for low-Z material

because no photoelectric effect was considered,
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APPENDIX A

PROMPT FISSION GAMMA PROGRAM

This appendix contains the computer program and a sample
printout for prompt fission gamma radiation from U235 fissions, The
program was written for the CDC 1604 high-speed digital computer at
AFSWC,
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S 60’ e e e

B 453 +——-05290Cwy}4- -

436t -—ds5B9Ew4-

Ey  Se Oav Epy Se

(Mev) (se/iy) (deg.) (Mev: Se/iy)
o1 1,674Ew0y3- 4,32 8,371F-008— —
o2 $,054E=0 3 36,99 4,581F-004 R
3 4,094E«00u3 34,387 1,024F=003 -

- o8 $e414Be003 - 32,86 ---1,195F-003
o5 J,258E~003 31,23 1,466E-003 - -~ -
463 - 1,820E=0u3 28,849 1,001F«003 - —————
o Pr——3¢320E0Quyd - 29429 --8,631F-004

‘a8 1,839E=0usd —-27,99 - 1,379¢=003- -
195 -1,320Feq03 86,71 1,128F=903---- —-- — -—

= 25,98 8,466F=004

1eds - 4,214Ee004 24,86 4,4256-004 -

1427 — 84626004 24,48 9,7326-004 - -~ -~

— @300 ;874E=80 4

104 - 4,104Ee00 ¢ 23,12  5,540F-004 SR

1454 1,893E=0u¢ 22,28 2.744E~004

-21,96— 5,562E-004

1¢7- - $.290Eegué 21,44 5,428E-004 BRI
1.8, Y,884Ee0ud .76 1,729€-004
149273260098 -0 ,8¢- -3,204E-004

do?  34011Ee004 20,11 - 3.,531F-00¢

21 1.090€egu4 19,7% 2,235F=004

202+ —Dy829Eeuud - ~ 19719 - 1,253keg04— o
& 3. 1:100Eegué 18,96  2,475k-004

249 7.9898=009% 18,72  1.877F=004

2451 -9 )652Ewgys - 17,99 --1,30%F=004 — — —— -
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90—~ Si00— 2, 336Ew0u? - 43,41 1;157ege— - ——
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APPENDIX B

25-MEV ELECTRON PROGRAM

This appendix contains the computer program and a sample
printout for 25-Mev electrons from a linear accelerator. The program
was written for the CDC 1604 high-speed digital computer at AFSWC,
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rovren THPTHRATID ]

NIMEL STON AC130)+B8(120),0(130),A0(130)

NIMEt STUr YELCL3A)  YEDPC130), X881 (150),XSSD(130)
CALY T1mEQON

~hd=ro,

HBAL %92 ,3540E00=.0702

AL Pt (BB, 5702«RHARDS

ACC=z .,

ACry=y . =ACC

AUC?=1."ACC‘ 5

ACCaRr.5/4C0% C e
PELFI=,01

Ixxs1y

consT=,3012%

RAT IS,

T==4,/,2762

GALL PRUR - - See e e e
RATT=P)

READ 41017

IF(RCF)Y 40,2

DO X Jsle130

atdry=zuy,

H(Jyep, - : e
Ctureo,

AQLUI=0

YELC )30

YERKtUYEL,

XSS (J)=u,

x§sneyy=n,

KKKs

SENSHF | I65HT 2

RSTAvT2T1oACL?

DELE S1=TiwAGC

H=RCTART

HELE £ DFLFST - : -
Flzp,

rEKK=t KK+

DELFeOFLEL

Ta(11=-R=rBAKZS) 70 P-A2H

TALY PRUNR

1= -~

PXF." .'05

Nk ysln,

YaTal'bL R

CAL|l PFHUE

NELyshkLaw B

TR(r 1=pxF) 78,5 -
Tzleir X

TE(1,renimilF]l XY Hob,~

I AAL=(T=110Al PHADY

Bzt Eare, q7n2)7,3%

“p2r INTHOEN,FO)

Az rriwrty -

IE RN ALY
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AR

11

12
13

14

5
16

17

20
"9

[SME T B

cLPs .

wSN=z o,

S s,

| AGzw/

LiPx i AY=

SENsSF | InsHT 1

t1eEF”

FPzkr -l B
91G1P*;£26¢LF1Ft(TC“*J-/‘1’59#[./(50-&1)/(50-64))
FBALE (F1LeEDY/2,
CnG14=1.uan'EBAH/wavftcanﬁot1.n22*FHAr\)
THET ~2LLUSF(EQSTHI #nT 2657798

[ (r~AR=Z,4) 17,41,14

RHAE B 3DV HFHAR=, 0707

W Tt
WEA&=.?7"(PFAP"(1.?65-.0954-LUGF(EHAR)\)
Seef NSTeS 145120 LFLR - -
ALPI.f R Re D767

Ta(rs7LOSTH=RHARY ZAL 1HA

T1=1

CALL PRU~

PF2?

PLay =PI -

Shssk apu

SLaskepT

Qe eS| +SL

SsshesShesD

plE’ob'P‘

NELX®10 R . -
(sl 149,14,15

SL20,

Fgo.

A‘t)"(i"" .

THEY*=0.

Bwo v 21

T=Te! B} X

CALYL HRu=

NELy=NFLY e,

TFCr1=-pxF) 17,180,158

Tzl ki X

1F(a b=tmDFLN) 10,1h,1A

ALRA-Z(T=T1rwALEHA

TFCH BAR= 7)) 16,2n,40

bRt ALY PRI-Cr RTF (1, A=, 301 AL UGF (RIRAK/,27%)))/7,1908)
(LY A AR |

Fz(ul HAre ,0702) /7,351

FeM11F ()R AR)

Vgt b ey

AG7ztSkerHBAR=YN)

FL 2k eYR

FNRe=tperd?7

sl ltu=x| TF(ERAKSOL1N,)

I IINARERISR LB RS {)] - - - e
YN (KDY ENRIKIeY?

XS IH)BISQL tKYe &L
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0

AR
.4
ne
o6
7

on
vy

3u

L3

h¥4

X3

34

%

16

(KSR = SR IK )Y «S]
NER SRR XN E &
Al pyeni)iet,
RO VRE (Y eTHETA
PRIV SRR I
I2X T HF(THFTAN ,5) e - T Cos
AQE Y TAlItY Y+ Sy
f Pl [Ped
TR TP=13X)Y 25,272,720
I IP=r
{ AG=! AG+1
TF( «Qerh) 24,224,271 ) CooT T
I AGe
PRINE A2 TT ey DFLF.FKKHR
PRITT 48sE1sPEsFo XN, L s XNZsENP»SL,SSL,SDYSSD
TF(.,1=F?) 9,9,26
NELF2UFL 1710,
1F(,nl=mr) “99,¥7 : s
NelLF=bFLr12300.
(FC. oup?21=Fe) 9,9,9+
1F(erNSE LIGHT 1% 29,30
Ly =i P
Fpz,uup1*® .
WELtekt=r2 - e
(ST RIS N U]
PRIFT 43,E12PEsFa XN FL +XNZ2ENPHSL,SSL,SD,SSV
RzRe «CC3H
NFLKsUFL=*ACEY
1P r =5, =qd) 31,31,4
TFterNgeE LIGHT 2y 32,33 - : ' = e e
vzReACCS
NELreRe?, - e
() T 4
PRI T 4b,TT
Selsle
H‘F"P.U, . - PR . . - . - e iemm———— e e R
Sum =y,
Slidi =y,
no 3n JY=1,130
TR (xnSL () eXSSDEN))Y REL3h, 34
FJ=141-1
.:L.1 L e - - . . " o+ ——
F12r0/30,
r7=pt=,1 S -
SkLsSEL il (J)
SENL 2SFE+YEDP Y)Y
SUML sSUML XSS (Y)Y
spMpESyMrexssSneyy mrn e e
PHTEY A4, E9,F2,XEL) »SPLoXENP(J) , SENP XSS 1) o SUML,XSSDCJ) s UMD
16 () =2%) 3A,34,35 -
i =0
PR Aan, TY
CONY TNUER
'-,-n - - .- _— e . . ———
FRIMT a0, TT
no oxv ogz1,130
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TFCeeayy) 30,39,37
7 =L
Fd=s =1
veFa/Zin,
YaXe,!
YYz(ve uo)w(;0))
2RI IALY)
PRIFT A, X, Yo ClUde7,¥X
[FUl =25) 39,39,3%

Y} rL=H
PRI"T 46,TY
19 CONT INHE
l.=n

Pit! 46,77
nNo v J=1,5i
IFCar (Y)) Bia50,91
51 f.sL+?
'-,., - - - [ - . e -
YzX=7,
PRINY 8D,Y, x.AQ(J)
1F(t =25) Sn,20,52

¥ i.=0 \
PRINY 40,TT

bt} TONT I Nt R
0 101

ay CALL TIHMH-OQFF

14 FORr{T(FI0,0)

4 FOQrAT IR, 10XSHT =¢R 3,8H Gu/ M2,DX4HEL =2FF,.4,DH MEV,5XEHDEIE =
1F7.4,6H FFV.:?X?HH(.'? YH)I3E42,3,8H BM/CM2,7, 2‘1!/))

43 FOREAT(FR I, FARAB,FAR, T, AR42 .3,

4a FORVMAT(LFT ,2s8F12,3))

ak FORMAT(LuX,PF10,2,89%,3.f11,2,%13,3/)

46 FORMATTAHFL,4DX,»IRT =2FR. 4,94 Gv/CM2.777)

KhH FORPOTOIUN,7F10.2,F1 2,8/
£ND

SURKOUT InE FHOR : RN
COMr N TL,PY,RATIO

| HA T
5.P M o(1)
STA %X X
| Wi ne
ST gi6m
| A XX
AN (4)
) { A (944
TA SIGNMN
(N T
sia XX
(4) F~u Xx
STA X2
| YA XX
tSH [
T F (?2)
LA ne
Py ) ¥4
CTA X22
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tSb
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Fab

By

Py
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Fal
&TA
tal
CTA
A
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wid
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Fmy
CTA
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Fon
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shJ
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¢V
Fub
Py

- nv,

FsB
F 2y
MUY
Fab
FHy
bty
FS8
F My
fFAD
FMY
Fry
f8B - -
F >l
f1iv
tAD
FMy
by

prg o

FAY
fFiry

c4
c5

cé

x27

c5

(\7 e ete i vert mme e
Xx2¢

c5

c8

X2¢

c5

c9 - e
Xe?

c5

X2?

c5

ERF

x2 - P —— e = s

X2

X2

EXPF

ERKOR, - -
€10

ERF
SIGN
ERF
ce
SIGN

ERF e aaie e wEme— e ———— e e mbe e S e

(3
X2
D1
pe

n 7 S e e e ——————— s« Sm———

,Xx e 4 e e s e s o e o e & e o n

ns e e e em m e ————— o aetimem = 4
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R PT

RETU N
c2 peC 5
€3 LHC 1.6477p5
C4 lk"‘l: 1.1 .
€5 PeC 14 e P T o
06 neC 9.
c? LY 7. -
CB |"'C 50
€9 nee - 3,
€10 IFC -.5A44R06
3 e L I - L e - e e e
D2 pee 07692308
ny hFe - 8 - i e
N4 IEC 090909001
p5 hrC B
] -} neC 11111141
Y R [0 SR R TR e e e e e e
ne I+#C .14285%7443
re - j+C .6 - —— - -
D10 nFEC 1.1281792
S16Nn BSS 1
XX KSS 1
!2 [ BL‘.S S 1. PO - O e — - — oo . —— s m— e
v2? KNS 1
FRF CLE] T -
EXPF (-] EXPF
+ND :
SURBKDUTI~E YJIMEON
s e BNA -0 00N0Y - e - CLEAR ACOUMULATOR ¢--- = i
H +XF 7 000v11R TEST CHANNFL 1 FOR ACTIVE.
QTA 00000 - - CLEAR tL0Ck COMTYENTS T0 ZERO., -
. poF 01000R START LOCKk,
RETHNN
FND
s SUAROUTIMNE - TIMEOFF- - —— - - - e - e an < e
4 NP DUMMY STATEMENT,
s Y 7 0001iR - TEST CHANNFL 1 FOR ACTIVE,
+YF 02ungQnf STOP THE KEAL=TINE CLOCK,
(RN 0oenod CLNCK CONTENTS TGO ACCUMULAYOR,
STA KLOCK CLNCK ('ONTENTS TO ekl OCKw,
e T MEaftOATF(KLOCK ) 7300050 ——— - - ceeemam s emel e s e i e e e
PRINT 1, TIME
RETUIHRN - cee i .
1 FORMAT(LIHIRUN TIMF uF9,2,9K MINUTES,//)
ENO B . . .
FND
—_ “-_.t ”D_ — e . - mae e o — o = e —— - — ——— . - ———— -
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330
3.4
3.5¢
3460
Je7¢

S.Bg
J.9¢

4,00

4,1C
4,0
4,30
¢,40
4,%y
4,060
4,7
4,8¢
4,9
Sent

Dele

GM/CMe.,

2.7
2.8
2.9
Jeu
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
'3;9

4,.,

4,2

4,3

4,5
4,6
4.7
4.8
4.9
Sou
9.1
5.2

4,449p=yud
4,27 g=uUd
4,279Eeyid
S,9cbEeyU4

3.505&.00‘

d,338Eeuld
3,226Ewu U4
d¢154Eey (4
#.627&-00;
€.79BE=u(4
28y2Eey(4
Z.AVSE-UG;
2,534E=UU4
2.47%E=u04
;.;é;E-UOQ
2,348EeUU4

€.272e«004

€.,198Ew0048
¢,132E=004
€. 059E=yUd
1,955e=u04

1.,9526wuid

1,869€=u04

1.,832E»u0é
1,723ceuué
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28,75
28,27
e?,77
27,387
26,96

26,50

26,20
25,81

25,45

e%.1v
24,79

24,43

24,11
23,81

23.%

3,21
22,92
22,64
22.37
22,11

21,85

21,02
21,36
21,13
2u.89
20,09

1.179€=-003
1,174g-003

1,219€-003

1,159€+003
1,1336~-003

1.123g-003

1,085~-003
1,081€-003

1,u88€-003

1.u75€-003
10 1)21E'003

1.,051E-003

1,03uE=003
1.uUulE=00U3

.100025.003

1,008-003

9,882E-004

9.779e-004
9.7026~004
9.8576E=004
§o2055'004
P.4676-004
9.2536=004
9.2526-004
0.875%E~004
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T

75

A

GM/CMe.

5.3
5.4
%.5
5.6
5.7

5.8

5.9

6.0

b2

6.3

1,75uE=uvd
1,7u9Ew004
1.667€e,04
1,58%Ewyul4
1.5§uE-uu4

1.554E-U0‘

1.497E~u 04
1,487Ewuvd
1.456E=u04
1.,426€w004
1,397EwUV4
1.310E0U0 ¢
1;3055-004
1,321Ew0ué
128780004
1,27%wu04
1,23560004

1.2325'00‘

1,213€w004

1,194keuud

1,176E«004

1.1568=004
1,1128e004
1,076Eeuid
1;1¥250604

1,098Eeu04
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20,44
20,23
24,03
19,81
19,60
19.40
19,21
19,03

ie,.82

18,64
18,45

17,11
16,95

16,80

16,6%
16,91
16,37
16,21
16,47

17,27

9.187g~-0U4
9.145E-004
9.u&75-09f
8,797E~-504
8.985%=004
8.9356-004
8,76 E-004
8,848¢-004
0.0975-004
8.768¢-004
8,7326-004

8.320e~-004
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8,417g=004
8.651E-004
6.5616-004
8.603&-004
8.461E-004
8,.565E~-004
8.549E-004
8.5356-004
8.523¢~-004
0.49ii'604
8.288¢-004

8.1236-004

8.3507¢+-004
'.507!000‘



T » e7%uy  GM/CMe,

7.8¢ 7.9 1,084cgeuvd 15,93 8.5U9E=-00U4

7.9¢ Bou 1,056cwuud 15,79 8.396E~-004
8.u¢0 8.1 1,059Ewyu (¢ 15,69 8.321€-004
8..évu | 8.2 l,Ué7E=uud 15,52 8.53uE-004
8.20 8,3 1,035%E=004 15,38 8.541E-904
8.3¢ 8.4 1.024Ewyys 15,25 8.554E-004

8.4, 8,5 L,0u3Eai ¢ 15,12 8,479E-004
8,5 8,6 Y,/88Eeu 5 15,04 8,30YE«004
8,67 8,7 9.956E=008 14,87 8.612e~004
6.70‘“ Q.8~‘~A§.6685-u|5‘ | 14,78 8.6399-06; -
8.80 8.9 9,333ceuub 14,64 8,260E-004
8.9y U Ye7UvEey0S 14,50 8.69VE=QU4
o 900 _ 9.1 5.555;-005 | 14,38 0.719E-604
L XYY e 9.2 9.565E=1U5 14,206 8,7528-004
$.20 9.3 Y.499E- 1UY 14,15 8,786E~004
9030 9.4 9.437E-008 1403 8.824F-004
9.4p 9.5 9.379E=«00Y 13,92 8,8646-004
9.%0 9.6 Y.3U9Eey0Y 135,80 8.89VE=Qu4
9.60 9.7 9,1516e0u8 13,69  8,831E-004
9.7¢ 9.8 8.994Eey 09 13,99  8.77uE=004
9.8 9.9.  Y.185Fwuud 13,47  9,051F-0L4
A 5;;;“ A"‘lu.o, | 9.1%05-0&5-'~ 13,36 wb.iuQE-OUA-
1U,ug 10.1 ¥.115Fe0 (8 13,26 9.16UE=-004
10.10 10,2 8,654¢«0y8 13,16  8,784¢-004
1uvedi 1ue3 9.055E-uu97 - 13,04 9,2826-004
1030 10.4. Y. 03VEauLY 12,94 9.3406-0u4
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1u.4¢
10,50
1,60
he7¢

1v.80

10,00

13.1¢

e

11.30
11.4.

11,%¢

075\)l

1L.90

GM/CME.

1045
1.6
1047
1.8
1449
ey
1101
11.2.
11.3
11.4
11,5

11.6

B,9478«005
8.,991Ee0Ud
8,945€=u08
1,685g%009%
4, 4642008
4,005%E=uUY
4.6795-QOS
4,220E=yy9
¢,038E=uud
1,03UEe0uY

1,638EmUUG

12,84
12,73
12,63
12,%?7
12,59
12,43
12,39
12.26
12,21
12,12
12,08
%2,90

9.35uE-004
9.485E-004
9.5276-004
8.2626~004
4.8436-004
5.13ue-004

S.171E~00¢
4.705E~004

206?;;'09‘-

2.313E-004
1,180E-004

1,0928-008
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T s

59,00

. 7500

°L

(deg/)

10,00
172.00
14,00
16,00
18.00
20. 00
22.un

24,060

26.00

28,00

30000

32,09

34.u0

36,00
38,00
an.00
;P.nh

44,450

46,0

4“.“[\

50.00

54,00

56000

Sﬂonﬂ

6"0"0

Gh/7EME,

eu Se'

(deg.) (se/ie)

17.0V 4,4B8(F=nye
Jé0ny 1.795F=003
1he0U  1e737F=n7X
18.00 1:745FE=-n0 "
Zv .0V 1.857F;nﬁ3
27,00  1.984F-n)?
?4.00 2.158F=nnit
ph.0U  Z.317F-0nd
?r.00 A?-SQBF-nnH
360U 2+695F=nn2
3?.03 '”;;56;F;nnsn N
34.0u ¢e737F=n0
3400 2¢710F=nu?
3r.00 2.48ig;nhﬁ
ar.nl 2¢311F=gn
42.pu  24171F=0u’
4,00 7.0R9E-nN
4t.00 1.924F=-n02
CAF.00 14765F=nnd
*;;nu W-ﬁ.700F-nu§
e qu 1.495F=-npY
kao.nu 1.433F=003
LY (XY} 1+342F =002
Bra0u 1.223F=nnN

¢ .Qu 10103F=n>
6700 1.029F=nyN o
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T =

L7500 Gulcvé.

62.10 64,00

64,1 +H. 00

66,10 thonu

6B, up 70.00

70.00 720U

79,00 74.04

74,00 7h.00

8.8965-06‘

8.,25G0F=nn4
74161F=np4

6.426F~n0é&

S5.74pFE=~n04

4.631F-00‘

3.708F~nN4

76000 78.00  2.963F-npa
iB.UQ Byany 2.339F-nn?

8n.0n 2,00 4,785F-nn%

85,00 FA.0U  2.347Benst
84,00 bh 00 1.266F=27#H
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APPENDIX C

000-KV X-RAY PROGRAM

This appendix contains the computer program and & sample
printout for 600-kv X-rays from » pulsed X-ray source. The program

was written for the CDC 1604 high-speed digital computer at AFSWC,

140 o



Yuon

701

40

COMMON T,PT,RATIO

NIMENSTUR NC130),WL1T0),00130) . A0CL139)

CAaty {1mFQN

Tz<1.7.%76?

KAT1 V=9, .- © e ee s emeee e

CALL PRUR

RATIO=zpT

CONST=0.,30125

ALCCz % -

ACCe =] l«ACH

ACCyn) :@2CC® 6 - - o e L

ACCIm . 5/08C02 i

READ 8,17 S e

IFLENE) 44,701

PHINT 4,17 . . -
RGTAKI2TT#ACCY

DELKRI«TTeaACC S e e e - -
XKFQ7Zmy U

DO 0 181,425 e
Qtiisy:y

WiJren!g - o

AGCIY=p, '

ceyrmp o - - e et aer mmtae s ey e co— = L e e e e mm s ——
KzQ

Ixzq - - ey
SuMfei ;D {
Skis.n - -
Storeo’n

QUM 8- ) e e e e e e e s e+ e e e e e e
StiMfimy 20 ;
READ S,k1,F2,EN - C ey
1421101 \
b (BOF) 20,5 : -
Fz(E1+F?)e B

SUMBESHHINPOEN — - e e e e e
AzE/,m41

Al1z1.qn¢2 : -
A12=zd1q¢h

At3ra12ea

A1218LnGFLAL2)

G168, avHO6e (AL AA/Ae(1:0+1,0/012-AL20L/AV0ALD1 A(AA)=AL3/AL2/040)——
SIGAR . AYrOALD oA 11oA11/A/A/A12=A13/7012/A02-A119(2,.000(A=1.0V-1,0)
1/7A707807R 124, 00AA/3 N/AL2/7A127/A12-(ALE/A/0=0:%+0.5/A7A)/7A0a12L)
ERAREr oS IGA/SIG

It (sNAR=, . a) 7,6,6

RusARe . th *FHAR=, 0707

GO Y0 p .- —— = e e e e e e eh e emwea P
RHARA 2/ e (FBARS (1,268~ 09540l UGF(ERAR)))

St iNeToaS1GYEN

NEL ReDRE nSY

Ny

HzRETART

S&iep. gy - . - e T -~ -
Strep.g 17




ENP=0.p
FL3P .Y
Al 2R /7 .5811 904
COSTH=Y 14 +AL)*SORTF(SIGAZ(SIRAsAL+2.¢8[G) /ALY
THETA=ACI ST(COSTN)I=BT, ?957795
A PHAzpHARY ,B762 : : e e e
TF(EE) 17547,9
9 Tl /UASTH-RBAR) /ALPHA
TisY
CALL PpRubk
PE2pPT
TI0ebXPFICOANBTeE1Ge(R-T1)) - S S e e e
SI sGFepE*DFLReT IO
SDzcFet1,~PE)SDELR*TIO
PrEe Bkt
DFL¥=1
IFASL-4,F=20) 10,10,11
10 RETAKI=wSTARTAACCY - - e e e e emia o ieee e memene e o
XkQZ72sxpi;7+NELRST
DELFEI=DFLFSTeACCY
R0 1IN &hu
11 TaTeDiE) X
CALL PapnpR
TFAPRPT=pXE) 12513988 - - - vr o es il e e e e
L ¥3 T=TeNE} &
NDELXSDEI>" B
IFC1.E-n=DFL XY 11,14.13
3 RLBAH=(ToTy)oALPHA
IF(RLBAK~,77 ) 14,158,115
44 BERYRF ¢ (1 ,065-SORTF {9 .6~ 3844w 0GF (RLBARZ . 273)3)/.1908) -

GO TO 46
V5 Bkt BAKe.0702)7 .35
16 XQs8| *p

JEXINTF(ra1n.)e1
0t)IeQr.d e,
WEUIBWEJIOTHRETA . . e e i e e
ClJIsCeJYeSL
JEXINTR(THFTAR B ) ey
ADC)zaUC ) eS8
EL3RL *v0
FDP:FDPOQEoFBAR'DEln-rn
KOLEERSt oS - R f i e e e e e e ke o e e ————
SS0eSsSN+<SD
$00 REReACHY ‘
DELKSURLN®ACCY
1F (k=D Faq) 2000.2000.9
200¢ GO YD (2001.17) H»N
2001 Nz? .. oo e e o e e e e+ w2 e e e
R=Reb 3
DELKBHa?
GO Y0 ¢
17 StiM| e5( ML +aSL
Xt Ne S+ XPQ?
AhDeRSnexpy S e sme e e e e e o e - e
ENRP:FUpexPOeERAR
Sumhiesmi, ¢3S0 152



48
,,'9,,.

20

39

e e e KRB (XS T B )OGS -

1]
ay

4?2
43

$00
500

t1)

- DO 43 183,934 - - —_

..K;o e > pon s i mm

- ! t “-a o——

- 80 -TN-298 -

- FORMATEINL , BXIHT O£, 3744}

SFNPsSELF+FDP
Sti.=Sk| kL
1F(1v-24) 19,18,18
PRINT 1,77 '
Ix=p
XXX =G ML A SUME- - R
XXY2SUMD/SUME
PRINT ?0F1052-ELDSELuEDPnSEDPQQSLOXX!aSSHDXXV
GO Th 4
CONT INNE - : R R
PRIMT 4,17

IF(ntJy) 43,43,39

KzKed e - s
Fazymy

XsFJsip. : e S e e e e
YeXe.l

2=t ) 760D

PRINT 060X, Y,C0U)»72.xX - - : R e
1F CYMODF (K,25)) 43 49.43

PRINT 4017 : CoT e T
CONYINUE

PRINT 5,77

DO 5p ist,8p - - . SUDII U E R
1FCAQ( 1)) B5g.50, 51

KeKey . A -
Az )2 .

PRINT £50,Y,X,A0(J)

IFtk=28) 50,50,%2 - - .
K=0

PRINT 4,37 L e
CONY INYE

CONTINNE

CALL TY¥MEOFF - - =
FORMAT (10X,2F10.3,E138. 3;'11 7;513 3/!

FORMAT (310X, 2F10.2,E43,3/) - -

FORFAT(1ML)

FORMAT (2F8,.3,8F12.3/)
FORMAT (2F5,0+F10.0)
END

SUBROUTINE PROB
CON"ON ToPTan" 10

-4 h . -‘ § o e—— e e e
AJP ® (1)
|TA XX
L AC c2
«TA SIoN
L DA XX
B Y i £ 2 e
1 DA c2
8STA sian
153



{4)

2y

L AC
sTA
FMU
£TA
LDA

b BB

AP
i DA
(2
«TA
kMU

k88 -

FMU
[ 2.1V)
FAD
FMy
FMU

e p BB

FMy
FMU
FAD
FMU
FMU

——11R

FMU
FAD
STA
t AC
§TA

e~ BNA -

RYJ
ARy
FMU
FDv
(2,1)
--FAD
SLJY
t AC
FDV

FAD

EMy
-
Fe8

FMy .

FMU
FaD
Foy

Y TV -

Fse
Fuu
FAD
FHy
Fmy

FRB. -

FMy
Fnv
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LIV

FAD €5

By XX
(31} Dion
B MU SIGN
FaD0 c?
OV - RATIO - PSS C e e e e e
&TA PT
RETLWN
[&C .5
neec 1.6477n%
nec 11.
Pk 1. s e e e mem s e e
nEC 9.
nEe 7.
rEC 3. Ce
1.EC -.5641806
PEC - 105, T T
neC L,07692308
nEcC [
1eC 090909051
nFRC .2 -
TFC 11111111
nee e, . e e e e e e+ ot 2 e e
nEC «1428574 43
nEe .6
LEC 1.,1283702
R&S 1
H#8S 1
(-SS © e s e e e e e+ e .
RSS 1
#8s 1
118 EXPF
FND
SHAROUTINE TIMEOM
#NA- . . 90000- - ———-———-— CLEAR-ACCUMHLAROR ¢~ -~ oo
+YF 7 000118 TEST CHANNFL 1 FOR ACTIVE.
STA 00c00 - CLEAR £LOCKX CONTENTS TO 2ER0.
FYF 010008 START rLOCK.
RETURN -
END
SURRNUTINE TIMEOFF—- s = e o e o
ADP DUMMY STATEMENT,
eXF 7 000118 . TeSY CHANNEL 4 FOR ACTIVE: - - -
FXF p20noR S10P THE RFAL~-TIME CLOCK.
{ DA 00000 CLONK FONTENTS TO ACCUMULATOR.
&TA KLOCK CLOCK FONTENTS TO *KLOCKS.

TIMBPOF) DATE(KLOCK) ZNAOB WA -~ o= = o m=e o memen o
PHINT 4, TIME
RETURN
FORMAT(11HIRUN TINF cF9,.2,9H MINUTES,//)
END
END

FND . - . - F - e D T Ty
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(Note: Headings are the same as on page 124)

UL
el

o?U

o1 7,026Eenyd —-
2 $,083Ewud
03' 6.63‘6-005

42,51  3,5136e004-— - - - -

40,39 4,625 -004
39,97 9,5806=006

- S
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(Note: Headings are the same as on page 127)

T= 500

R.0n
4p.0n
47.00

48 .00

4u.00
42 .00

44.n0

ah.p80
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1.632F-0N7
5.102F~-003

J.018F-0n3

' 3.956E-np4
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Ohio

USAFA, United States Air Force Academy, Colo
AFSC ORGANIZATIONS

FTD (Library), Wright-Patterson AFB, Ohio

ASD {ASAPRL), Wright-Patterson AFB, Ohio

RTD (RTN-W, Maj Munyon), Bolling AFB, Wash 25, DC
BSD (BSR6A), Norton AFB, Calif

SSD (SSTRS, Maj D, L. Evans), AF Unit Post Office, Los
Angeles 45, Calif

ESD (ESAT), Hanscom Fld, Bedford, Mass
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AF Msl! Dev Cen (RRRT), Holloman AFB, NM
RADC (Document Library), Griffiss AFB, NY

KIRTLAND AFB ORGANIZATIONS

AFSWC, Kirtland AFB, NM
(SWEH) .
(SWT)
AFWL, Kirtland AFB, NM
(WLL)
(WLR)
(WLV)
(WLRPA, TSgt Sykes)
(WLRPT)
(WLRB)
OTHER AIR FORCE AGENCIES
Director, USAF Project RAND, via: Air Force Liaison Office,
The RAND Corporation, 1700 Main Street, Santa Monica, Calif
(RAND Physics Div) A
(RAND Library)

ARMY ACTIVITIES
Chief of Research and Development, Department of the Army

(Special Weapons and Air Defense Division), Wash 25, DC

US Army Materiel Command, Harry Diamond Laboratories,
(ORDTL 06. 33, Technical Library), Wash 25, DC

Redstone Scientific Information Center, US Army Missile
Command (Tech Library), Redstone Arsenal, Ala

Commanding Officer, US Army Signal Research & Development
Laboratory, (SIGRA/SL-SAT-1, Weapons Effects Section), Fort
Monmouth, NJ

US Army Research Office, ATTN: Richard O, Ulish, Box CM,
Duke Station, Durham, NC

Commanding General, White Sands Missile Range, ATTN: Mr,
Glenn Elder, White Sands, NM
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Chief of Naval Operations, Department of the Navy, Wash 25, DC
(OP-36)
(OP-75)

Chief of Naval Research, Department of the Navy, Wash 25, DC
(Code 418)
(Code 427)

Chief, Bureau of Naval Weapons, Department of the Navy,
Wash 25, DC

{RMGA-8)
(RRNV)

Chief, Bureau of Ships {(Code 362B), Department of the Navy,
Wash 25, DC

Commanding Officer, Naval Research Laboratory, Wash 25, DC

Commanding Officer, Naval Radiological Defense Laboratory
(Technical Info Div), San Francisco 24, Calif

Commanding Officer and Director, Navy Electronics Laboratory
(Code 4223), San Diego 52, Calif

Commander, Naval Ordnance Laboratory, ATTN: Dr. Rudlin,
White Oak, Silver Spring, Md

Office of Naval Research, Wash 25, DC

OTHER DOD ACTIVITIES
Chief, Defense Atoemic Support Agency (Document Library),
Wash 25, DC

Commander, Field Command, Defense Atomic Support Agency
(FCAG3, Special Weapons Publication Distribution), Sandia
Base, NM

Director, Advanced Research Projects Agency, Department of
Defense, ATTN: Col W, H, Innes, The Pentagon, Wash 25, DC

Director, Defense Research & Engineering, The Pentagon,
Wash 25, DC

Hq Defense Documentation Center for Scientific and Technical
Information (DDC), Cameron Stn, Alexandria, Va 22314
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US Atomic Energy Commission (Headquarters Library, Reports
Section), Mail Station G-017, Wash 25, DC
Sandia Corporation, Sandia Base, NM

(Dr, J. W, Easley, Dept 5300)

{Dr, Carter Broyles, Dept 5113)

(Dr. S. C. Rogers, Dept 5312)

(Dr. A, W, Snyder, Dept 5313)

Sandia Corporation (Technical Library), P. O, Box 969,
Livermore, Calif

Chief, Division of Technical Information Extension, US Atomic
Energy Comumission, Box 62, Oak Ridge, Tenn

University of California Lawrence Radiation Laboratory
(Technical Information Division), P,O. Box 808, Livermore,
Calif

University of California Lawrence Radiation Laboratory,
{Technical Info Div, ATTN: Dr. R, K, Wakerling}, Berkeley 4,
Calif

Director, Los Alamos Scientific Laboratory (Helen Redman,
Report Library), P, O, Box 1663, Los Alamos, NM

Brookhaven National Laboratory, Upton, Long Island, NY

Argcnne National Laboratory (Tech Library), Argonne, Ill

Oak Ridge National Laboratory (Tech Library), Oak Ridge, Tenn
OTHER

National Bureau of Standards, Radiological Equipment Section,

Wash 25, DC

OTS, Department of Commerce, Wash 25, DC

Institute for Defense Analysis, Room 2B257, The Pentagon,
Wash 25, DC
THRU: ARPA

Space Technology Labs, Inc., ATTN: Lt General James H.
Doolittle, One Space Park, Redondo Beach, Calif

Battelle Memorial [nstitute, 505 King Ave., Columbus, Ohio

Institute of the Aerospace Sciences, Inc,, 2 East 64th Street,
New York 21, NY

Aerospace Corporation, P, O, Box 95085, Los Angeles 45, Calif
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General Electric Company - MSD, ATTN: Dr. Sumner Stern,
P.O. Box 8555, Philadelphia 1, Pa

General Atomic, ATTN: Dr. R, J. Jurgovan, P,O, Box 608,
San Diego 12, Calif

General Atomic, ATTN: Dr, Victor A, J, van Lint, P,O, Box
608, San Diego 12, Calif

IBM, Federal Systems Division, ATTN: W, A, Bohan, Owego, NY

The Boeing Co., Aero-Space Division, ATTN: Dr, G. L. Keister,
Org. 2-5470, P. O. Box 3707, Seattle 24, Wash

General Dynamics/Fort Worth, ATTN: W, B, Rose, Fort Worth,
Tex

Hughes Aircraft Co., Ground Systems Group, ATTN: Mr, J.E,
Bell, P.O. Box 2097, Fullerton, Calif

Radiation Effects Information Center, ATTN: E. N, Wyler, 505
King Avenue, Columbus 1, Ohio

DASA Data Center, General Electric TEMPO, 735 State Street
Santa Barbara, Calif

Director, Applied Physics Laboratory, Johns Hopkins University,
ATTN: Mr. Robert Frieberg, 8621 Georgia Avenue, Silver Spring,
Md

Massachusetts Institute of Technology, Lincoln Laboratory,
ATTN: O, V. Fortier, P, O, Box 73, Lexington, Mass

Northrop Ventura Division, Northrop Corp., 1515 Rancho Conejo
Blvd, Newbury Park, Calif

(Dr. T. M, Hallman)
( Don Glenn)

Lockheed Aircraft Corp., Missile & Space Division, ATTN: Mr,
Fred Barline, Dept 5872, 1111 Lockheed Way, Sunnyvale, Calif

Space Technology Laboratories, ATTN: Dr, B, Sussholz and
Mr, J. Maxey, 5730 Arbor Vitae St., Los Angeles, Calif

Atomics International, ATTN: W. E. Parkins, Mgr Research,
8900 DeSoto St., Canoga Park, Calif

General Electric Company, Radiation Effects Operations,
Defense Systems Dept., ATTN: Mr, L, Dee, 300 South Geddes
Street, Syracuse, NY
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